Vascular risk factors affect cerebral blood flow (CBF) and cerebral vascular reactivity, contributing to cognitive decline. Hippocampus is vulnerable to both Alzheimer's disease (AD) pathology and ischemia; nonetheless, the information about the impact of vascular risk on hippocampal perfusion is minimal. Cognitively, healthy elderly (NL = 18, 69.9 ± 6.7 years) and subjects with mild cognitive impairment (MCI = 15, 74.9 ± 8.1 years) were evaluated for the Framingham cardiovascular risk profile (FCRP). All underwent structural imaging and resting CBF assessment with arterial spin labeling (ASL) at 3T magnetic resonance imaging (MRI). In 24 subjects (NL = 17, MCI = 7), CBF was measured after a carbon dioxide rebreathing challenge. Across all subjects, FCRP negatively correlated with hippocampal (q = À0.41, P = 0.049) and global cortical (q = À0.46, P = 0.02) vasoreactivity to hypercapnia (VR h ). The FCRP-VR h relationships were most pronounced in the MCI group: hippocampus (q = À0.77, P = 0.04); global cortex (q = À0.83, P = 0.02). The FCRP did not correlate with either volume or resting CBF. The hippocampal VR h was lower in MCI than in NL subjects (Z = À2.0, P = 0.047). This difference persisted after age and FCRP correction (F [3,20] = 4.6, P = 0.05). An elevated risk for vascular pathology is associated with a reduced response to hypercapnia in both hippocampal and cortical tissue. The VR h is more sensitive to vascular burden than either resting CBF or brain volume.
Introduction
Multiple imaging modalities corroborate the relationship between vascular risk factors and deficits in resting cerebral blood flow (CBF) (Claus et al, 1996; Novak et al, 2006; Selim et al, 2008; Beason-Held et al, 2007) . Similarly, atherosclerosis risk factors impair vascular response to hypercapnia (Groschel et al, 2007; Settakis et al, 2003) , as evidenced by Doppler studies.
Resting CBF reductions are also well documented by single photon emission tomography in individuals with mild cognitive impairment (MCI) (Staffen et al, 2006; Hirao et al, 2005; Caroli et al, 2007) . Furthermore, both CBF reduction (Hirao et al, 2005; Caroli et al, 2007; Hansson et al, 2009; Johnson et al, 1998; Kitagawa et al, 2009; Chao et al, 2010) and deficits in the reactivity of cerebral vessels to hypercapnia (vasoreactivity to hypercapnia (VR h )) forecast cognitive decline (Silvestrini et al, 2006) . It has been thus proposed that preexisting vascular risk factors mechanistically contribute to cognitive deterioration by directly compromising cerebral blood supply, especially in the states of increased demand.
Although many reports substantiate the link between risks for atherosclerosis and blood flow at a global cerebral or lobar level (Claus et al, 1996; Novak et al, 2006; Selim et al, 2008; Groschel et al, 2007; Settakis et al, 2003) , there is only a limited information about the influence of these factors on CBF in structures directly related to memory function. Hippocampus is a major anatomical substrate of memory (Eichenbaum, 2004; Shapiro, 2001) , and its structural and functional abnormalities predict Alzheimer's disease (AD) (Glodzik-Sobanska et al, 2005; Mosconi, 2005) . As hippocampal cornu ammonis sector1 is highly sensitive to both AD pathology and ischemia (Zarow et al, 2005) , the presence of vascular risk can strongly compound on AD-related damage. It hence follows that evaluation of the vascular risk-perfusion relationship in the hippocampus of nondemented individuals could be informative in assessing the contribution of atherosclerosis to cognitive decline. Although hypertension-related deficits in resting hippocampal CBF were previously described (Dai et al, 2008; Beason-Held et al, 2007) , there are no hippocampal VR h data available. Moreover, previously used statistical parametric mapping procedures do not provide an accurate assessment of small structures like hippocampus because of smoothing and likely mismatch of coordinates .
Arterial spin labeling (ASL) is a noninvasive magnetic resonance imaging (MRI) perfusion technique in which labeled arterial blood is used as a tracer. The ASL does not involve radiation exposure or exogenous contrast material (Buxton, 2005) . Unlike positron emission tomography or single photon emission tomography, ASL is capable of direct CBF examination at spatial resolution sufficient to resolve small structures of interest. Yet, hippocampal MRI perfusion studies are still challenging, as the often used ASL techniques based on echo-planar imaging may suffer from susceptibility artifacts. This can be particularly detrimental for regions located in the proximity of bone and sinuses. Moreover, conventionally used 64 Â 64 echo-planar imaging matrix does not allow one to separate hippocampus from adjacent large vessels, including circle of Willis. To overcome these shortcomings, we used ASL based on true fast imaging in steady-precession (TrueFISP) sequence (Boss et al, 2007; Rusinek et al, 2010) .
We compared perfusion characteristics in elderly subjects with normal cognition or MCI and investigated the hypothesis that an elevated 
Materials and methods

Subjects
In all, 33 individuals (age 71.2±7.6 years, range 59 to 88 years, 58% women) were studied at the NYU School of Medicine, Center for Brain Health and Alzheimer's Disease Center. All were active participants in longitudinal studies of aging and dementia. All gave written informed consent to an institutional review board-approved protocol.
Subjects received medical, neurologic, psychiatric, neuropsychological, laboratory and MRI examinations. Patients with confounding brain conditions, for example tumor, depression, significant metabolic diseases, and neocortical infarction, were excluded. Also excluded were patients with contraindications for MRI scanning. The clinical assessment included a semistructured interview based on the Brief Cognitive Rating Scale, Global Deterioration Scale score (GDS) (Reisberg and Ferris, 1988) , and Mini-Mental State Examination (MMSE) (Folstein, 1983) . All subjects were diagnosed as normal (NL; GDS = 1 or 2, n = 18) or MCI (GDS = 3, n = 15) (Reisberg et al, 1993) . GDS = 1 indicated no subjective memory complaint, and GDS = 2 indicated awareness of memory change over the lifespan, in the absence of objective evidence of memory or functional problems on clinical interview. The MCI was defined as global functioning in the no-dementia range and evidence of cognitive impairment on clinical interviews (Reisberg et al, 1993) . All diagnoses were assigned at a consensus case conference. White matter hyperintensities: The fluid attenuated inversion recovery (FLAIR) images were available for 90% of the subjects. They were acquired during a separate session on average within 16 months of the ASL study. They were used to assess the extent of periventricular white matter hyperintensities (PWMH) and deep white matter hyperintensities (DWMH) on the 0 to 3 Fazekas scale (Fazekas et al, 1987 (Rusinek et al, 2010) . Selecting acquisition plane included (1) selecting the sagittal slice through the long axis of the right hippocampus, (2) drawing the line segment H-H' through this axis of the right hippocampus, and (3) adjusting the axial plane by rotating it about the H-H' axis to encompass the left hippocampus ( Figure 1 ).
Imaging the Vasoreactivity to Hypercapnia
To estimate the VR h , blood CO 2 level was increased using a rebreathing protocol. Subjects were asked to breathe through a mouthpiece and a respiratory tube. The rebreathing apparatus included a high efficiency particulate air (HEPA) bacterial/viral filter and a standard gas-anesthesia tube (VitalSigns, Totowa, NJ, USA) of 35 mm diameter and a custom-adjusted length. Nose was clamped to force inspiration of partially exhaled air. The protocol was demonstrated to the patients who practiced rebreathing during a 15-minute training session, before the MRI examination. Oxygen saturation, heart rate, and CO 2 content in the expired air were monitored in the training room and in the scanner using a multigas monitor (Medrad (R) 9500, Warendale, PA, USA). Expired air was sampled continuously by an infrared capnometer via a 3-m long cannula.
Postprocessing
Segmentation of structural images: Segmentation of highresolution MPRAGE images to gray matter (GM), white matter (WM), and cerebrospinal fluid volumes was performed using automated statistical parametric mapping (SPM2) procedures (Ashburner and Friston, 2000) . Left and right hippocampus were manually outlined on reformatted coronal MPRAGE images (Convit et al, 1997) .
Image coregistration: As both perfusion and MPRAGE images were collected during one short session, coregistration of perfusion and structural images was based on 'Image Orientation Patient' and 'Image Position Patient' digital imaging and communications in medicine (DICOM) parameters preserved by the scanner console. The accuracy of coregistration was then checked individually.
Calculation of Blood Flow
Calculation was based on the following equation:
where DM stands for the adjusted difference between tagged and untagged data, l is the blood-tissue water partition coefficient (assumed 0.9 mL/g), a is the inversion efficiency, TI is the inversion delay (1200 milliseconds), and M 0 the steady-state magnetization. Since at TI = 1200 -milliseconds, most of the magnetization remains in the blood (Buxton, 2005) , the relaxation time of the arterial blood T 1 = 1930 milliseconds (Stanisz et al, 2005) was uniformly used across all regions. There was no smoothing of ASL images. The following steps were subsequently applied: 1. Calibration of tagged and untagged signal with WM: We used the WM to adjust DM. This correction is needed due to the violation of the ASL measurement assumption (equal signal of tagged and untagged image in the absence of flow) by FAIR preparation pulses. Given that WM perfusion is significantly lower than cortical flow (Law et al, 2000) , we used the signal difference measured in WM DM WM to adjust CBF, where g is the factor from the 'standard ASL equation' (as above).
On the basis of prior studies, we assume 25 mL per 100 g per minute for CBF WM (Law et al, 2000) .
2. Correction for atrophy and tissue inhomogeneity: TrueFISP images were coregistered with MPRAGE volumes (GM and WM) and regions of interest (ROIs). Each voxel in each ROI is then examined in relation to its SPM2-derived GM and WM. For cortical and hippocampal ROIs (Figure 2 ), voxels were deleted if their probability of being GM was < 75%. Similarly, WM voxels were not included if their probability of being WM was < 75%.
3. Exclusion of blood vessels: To avoid error introduced by labeled arterial blood within the ROIs, all voxels with CBF > 150 mL per 100 g per minute were deemed to contain Calculating the response to CO 2 : The VR h response to an increase in blood CO 2 was calculated as:
where CBF CO2 indicates CBF calculated during the session when subjects breathed through a respiratory tube, CBF rest indicates CBF calculated during the imaging session without the tube; DCO 2 indicates the difference in end tidal CO 2 between the two sessions.
Statistical Analysis
Demographic measures were examined using t-test for continuous variables and w 2 for categorical variables. Between-group comparisons of global volumes, CBF and VR data were performed with t-tests. When covariates were necessary, analysis of covariance was used. Correlations between variables were examined with Spearman coefficient. When accounting for confounding variables was necessary, partial correlations were used. Normality was checked using the Shapiro-Wilk test. When the data did not meet the assumptions of normality, the Mann-Whitney U-test was used to compare groups (Z values are given). When covariates were needed, dependent variables were converted to ranks and analyzed in analysis of covariance models. All volumes (global GM, hippocampus left, right, and averaged) were divided by total intracranial volume determined by manual tracing (Convit et al, 1997) and presented as intracranial volume percentage. The CBF and VR h data for the right and left hippocampus were analyzed separately and averaged. Analyses were performed with SPSS 16, Chicago, IL, USA, with P values < 0.05 declared statistically significant.
Results
Normal Versus Mild Cognitive Impairment
General description: Characteristics of both groups are presented in Table 1 . The MCI subjects had lower MMSE scores (Z = À2.3, P = 0.03) and tended to be older (t = À1.8, P = 0.08) than controls. After accounting for age, MMSE difference was no longer significant. Although, the groups did not differ in FCRP, the percentage of subjects with high-FCRP score ( > 10%) was significantly increased in the MCI group (53% versus 11%, w 2 = 6.9, P = 0.009).
Volumetrics:
The groups did not differ in hippocampal or cortical volumes (age corrected).
Cerebral blood flow:
The CBF did not differ between NL and MCI groups in any examined region (age corrected) (Table 1) .
Cerebral vasoreactivity to hypercapnia: In all, 24 subjects (NL = 17 and MCI = 7; Table 2 ) underwent the rebreathing challenge. Overall, the mean CO 2 increase was 6.8±1.7 mm Hg. The mean increase in global cortical, right hippocampal, left, and averaged hippocampal CBF was 2.7, 3.3, 3.1, and 3.2 mL per 100 g per minute, respectively. The nine subjects with no VR h data did not differ in age, gender, or FCRP score from subjects with VR h data available, they had, however, lower MMSE score (26.7±2.7 versus 29.0 ± 1.1; Z = À2.6, P < 0.05). The MCI group had lower average hippocampal VR h than NL subjects (Z = À2.0, P = 0.047). This association still tended to be significant after age and FCRP correction (F [3, 20] = 4.6, P = 0.05).
Framingham Cardiovascular Risk Profile and Cerebral Perfusion
General description: The mean FCRP score was 8.7%±6.7%. The FCRP score correlated with age (Fazekas et al, 1987) .
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in the entire group (r = 0.46, P = 0.007) and in the MCI subjects (r = 0.61, P = 0.02). The FCRP did not correlate with any examined brain volumes in the entire group, nor in NL or MCI subgroups (age corrected). The FCRP correlated with PWMH (r = 0.48, P < 0.01) but not DWMH.
Cerebral blood flow:
In the whole group, FCRP score did not correlate with CBF in any region. Similarly, no correlations were found in NL or MCI groups (age corrected).
Cerebral vasoreactivity to hypercapnia: In the entire group, the average hippocampal VR h was related to FCRP (r = À0.41, P = 0.049). Global cortical VR h also correlated with FCRP (r = À0.46, P = 0.02). Further analyses revealed that in the MCI subjects, FCRP was strongly related to hippocampal (r = À0.77, P = 0.04) and global cortical VR h (r = À0.83, P = 0.02) (Figure 3 ). Relationships in the NL group were weaker with (r = À0.25, P = 0.30) for the average hippocampal and (r = À0.45, P = 0.07) for global cortical VR h , respectively. Cortical VR h was also associated with PWMH (r = À0.45, P = 0.04). There was also a similar trend for PWMH and hippocampal VR h (r = À0.31, P = 0.16). After correcting for PWMH, the relationship between FCRP and VR h was still at the trend level: r = À0.36, P = 0.1 for the cortex; and r = À0.33, P = 0.15 for the hippocampus.
Cerebral Perfusion and Other Measures
Cerebral blood flow: Resting CBF was not related to age in any examined region. This was true for the entire group, and within NL and MCI subsets. Regionally, the CBF was not related to the brain volumes in the entire groups nor in subsets of NL and MCI subjects. There was no association between resting flow and baseline CO 2 levels, PWMH, or DWMH.
In the entire group, global CBF was related to MMSE score (r = 0.40, P = 0.027, age corrected). Additional corrections did not change this association (r = 0.40, P = 0.031, age, gender, and education corrected). When examined within groups, this relationship was found only in MCI subjects (r = 0.52, P = 0.045). In the smaller MCI subgroup, MMSE did not correlate with education or age and did not differ between men and women, thus corrections were not necessary.
Cerebral vasoreactivity to hypercapnia:
The VR h was not related to age, regional brain volumes, or MMSE, in either the entire group or in NL and MCI subgroups.
Discussion
Our study yielded two major findings: (1) cerebral VR h , as measured with ASL combined with CO 2 -rebreathing procedure, was negatively related to the level of cardiovascular risk and (2) VR h was lower in the hippocampus of MCI subjects as compared with normal controls. Our result expands previous observations from Doppler (Groschel et al, 2007) and ASL (Last et al, 2007) studies, where decreased response to hypercapnia was found in association with vascular risk factors. Specifically, among all the subjects, both hippocampal and global cortical VR h were affected by vascular risk, corroborating the contribution of impaired vessel function to the damage of brain regions strategic for cognition.
Our observation of reduced hippocampal VR h in the MCI group also add to recent results of diminished vessel function in dementia subjects (Silvestrini et al, 2006; Vincenzini et al, 2007) . The Figure 3 Correlations between Framingham cardiovascular risk profile (FCRP) and average hippocampal (A) and cortical (B) vasoreactivity to hypercapnia (VR h ). The units of VR h are % DCBF/1 mm Hg CO 2 . Values on x axis represent the percentage risk for coronary heart disease in the next 10 years. Black circles represent normal (NL) subjects and white diamonds represent subjects with mild cognitive impairment (MCI). CBF, cerebral blood flow.
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L Glodzik et al FCRP-VR h association was also found in the MCI subjects. As the number of subjects with increased vascular load (risk > 10%) was higher among MCI subjects, vascular contribution explains at least in part lower VR h in this group. Recent evidence indicates that patient with hypertension have increased parahippocampal neurofibrillary tangles (Sparks et al, 1995) , supporting the role of cardiovascular factors in AD. Still, the VR h difference between NL and MCI persisted after age and FCRP score correction. We offer that preexisting vessel impairment (independent of vascular risk, but possibly related to AD) had to be present to potentiate the influence of vascular risk factors on vessel expandability. Opposite to earlier findings (Dai et al, 2009; Staffen et al, 2006; Hirao et al, 2005; Caroli et al, 2007) , CBF was not different between NL and MCI. Global CBF was, however, related to the global cognitive abilities as assessed with MMSE. As MCI subjects were highly functioning (an average MMSE score was above 27) between-group differences in CBF were subtle. However, a stronger relationship emerged when cognition-CBF relationship was examined across the entire spectrum with MMSE.
Differing from recent reports of reduced resting hippocampal CBF (Dai et al, 2008; Beason-Held et al, 2007) in hypertensive nondemented subjects, we did not observe a relationship between FCRP and resting cortical or hippocampal flow. It is noteworthy that in our group, the impact of arthrosclerosis risk factors on vessel dilatation capacity was stronger than their impact on volume or resting CBF. One possible explanation for a lack of a relationship between volume or CBF and FCRP is low burden of vascular risk in our group. The mean risk for cardiovascular event in our group was 9%, substantially lower than 20% considered being high risk (NIH Publication No.02-5125 & US Department of Health and Human Services, 2002) . Conceivably, a mild stage of vascular damage may not affect volumes or CBF, and the influence of vascular burden is only evident in a challenge condition. The intrinsically variable nature of resting CBF, dependent on such factors as heart rate, hematocrit, subject alertness, and stress level could also explain our negative findings. It is possible that changes in resting perfusion and brain volume reductions occur only in the late stage of atherosclerosis or with more advanced cognitive impairment. We provide, however, a strong evidence for a relationship between vascular burden and a challenge that demands additional blood supply. This is in agreement with previous observations that FCRP correlated with impaired endothelium-dependent vasodilatation in the skin (Ijzerman et al, 2003) .
Decreases in VR h could reflect hippocampal or cortical volume reductions. However, neither CBF nor VR h in the hippocampus or in the cortex were related to their volumes. In our study, the flow was calculated after exclusion of non-GM voxels, which we believe, accounted for the effects of atrophy and related bias. Thus, the presented values are likely to reflect perfusion of neuronal tissue without partial voluming that is unavoidable in positron emission tomography or single photon emission tomography imaging.
Not surprisingly in our group, vascular burden, VR h , and PWMH were intercorrelated. The association between reduced response to hypercapnia and WM lesions, especially PWMH, is well known (Bakker et al, 1999; Bonoczk et al, 2004; Fu et al, 2006; Isaka et al, 1994) . Nonetheless, it still is not completely clear what is a cause what is an effect. Vascular risk factors can be particularly harmful for periventricular WM located in the borderline zone. Conceivably, by compromising blood flow they can contribute to the development of WMH. However, another explanation cannot be ruled out: WMH once present can contribute to the impairment in vascular reactivity, as periventricular zone harbors receptor involved in cerebral vasoregulation (Sandor et al, 1986) . Our work cannot give a definite answer.
To our knowledge, this is one of the first studies to examine regional VR h in the hippocampus. The technique we used is less sensitive to susceptibility artifacts than echo-planar imaging (Boss et al, 2007) , and has improved spatial resolution, enabling separation of vascular signal from tissue blood flow. In addition, the 3T field strength provides a unique advantage for ASL because of longer blood T1 relaxation times, making this technique a promising quantitative approach for CBF and VR measurement (Petersen et al, 2006) . Many arteries B1 mm in diameter can be visualized (Figure 1) . Consequently, large vessels can be automatically excluded from tissue ROIs, and no crusher gradient pulse is needed to dephase fast-moving vascular flow. The voxel size of 1.2 Â 1.2 Â 6 mm 3 translates into 8.6 mm 3 volume resolution, enabling sampling of small anatomical structures like hippocampus. Finally, we did not smooth images, and we used manually traced coregistered ROIs, which contributed to the reliability of hippocampal assessment.
This study had several limitations. We calibrated the tagged and untagged signal with WM. Although there is a potential bias due to WM disease, especially in subjects with high FCRP, the estimated low rates of WM perfusion are less than the increased CBF variability associated with uncorrected flow. Second, based on the segmentation procedure, all WM voxels containing < 75% of WM (see below) are removed from the WM ROI, which is used to correct cortical flow. We believe this reduced the WM disease-related bias.
Arterial stenosis is known to reduce both the CBF (Bokkers et al, 2009 ) and the capacity to respond to hypercapnia (Bricic et al, 2008; Markus and Harrison, 1992) . However, most of the studies examined this issue in patients with symptomatic stenosis. None of our subjects fell into this category. Nonetheless, we cannot account for the influence of stenotic lesions, as such information was not available. The prevalence of asymptomatic carotid stenosis ranges from 0.5% in people under 60 to up to 10% in subjects over the age of 80 years (Benavente et al, 1998) . Stenosis is more common among patients with hypertension with prevalence reported to reach 25% (Sutton-Tyrrell et al, 1993) . With a mean age of around 70 years and about 40% of subjects meeting criteria for hypertension, we can estimate that the probable prevalence of asymptomatic carotid stenosis in our group could not be higher than 5% to 10%. We consider it unlikely that this will affect our results.
The circulatory response to hypercapnia consists of increases in heart rate and arterial pressure. Unfortunately, we were not able to record blood pressure measurements during rebreathing procedure. For few reasons, we do not believe that these phenomena could significantly affect the results. First, hypercapnia induced during our study can be classified as mild. Second, heart rate (positively correlated with blood pressure) increased during the rebreathing challenge only by few percent.
Finally, the group with missing VR h data could also represent a bias. These subjects had lower MMSE, pointing out to possible challenges in planning the study with impaired individuals. Our sample was small and perfusion was examined only in one slab. However, the hippocampus appeared to be sampled consistently in each case, because of careful slice positioning technique.
In conclusion, vascular risk, as measured with FCRP, correlates with both hippocampal and cortical vessels' ability to expand in response to a mild hypercapnia. The VR h is more sensitive to vascular burden than either resting CBF or brain volume. It is compromised already in the MCI stage but vascular risk does not fully explain this impairment. It remains to be determined in longitudinal design how these effects contribute to cognitive deterioration. Further evaluation with bigger cohort, larger brain coverage, and more extensive assessment of vascular risk is crucial.
